A novel pellet 3D printer was rst developed, and its structure was constructed out of three main parts. e material used in this device was polycaprolactone (PCL), which was praised for its good characteristics in the biomanufacturing and chemical industries. ree essential parameters that had important e ects on the diameter of the printed bers were systematically studied using a L 9 (3 4 ) orthogonal design table. Using the fused deposition modelling (FDM) method, some products were printed with this machine. Results showed that the stepper motor's speed had the most signi cant e ect on the diameter of the printed bers. e optimal parameters were, a stepper motor speed of 1.256 mm 3 s −1 , a nozzle moving speed of 9.6 mm s −1 , and 1.1 mm of height between the nozzle and the platform. Defects like gaps, warping, and poor surface quality were found to be related to di erent combinations of process parameters. By using the developed pellet 3D printer, the pre-step of making laments can be avoided, which will bring convenience to FDM 3D printing.
Introduction
Polycaprolactone (PCL) is widely used in tissue engineering involving engineering and natural science [1] . When the biological material and manufacturing method developed, its usage caught much attention [2] [3] [4] . PCL's good bio-compatibility and compatibility with other polymers, makes it a favorable material for sca olds, especially in the biomanufacturing and chemical industries [5, 6] . Gao et al. fabricated nanobrous PCL sca olds with 3D controllable geometric shapes in order to carry cells and create an excellent environment for cell proliferation by means of electrospinning [7] . Didaskalou et al. introduced a sustainable membrane-based synthesis separation platform for enantioselective organocatalysis, and the make of the membrane makes the important component [8] . Wang et al. produced PCL/carbon nanotube sca olds for bone applications by extrusion-additive manufacturing, and proved more bene cial advantages of PCL from chemical, physical, and biological points of view [9] . Xiao et al. used emulsion freeze-drying to prepare four types of porous sca olds and investigated advantages and disadvantages of di erent weight ratios of PCL/PMCL in order to sustain human induced hepatocytes [10] . Xue et al. combined PCL membranes with Fe 3 O 4 nanoparticles via electrospinning technology, and showed its bene cial potential as a methylene blue catalyst with high recyclability [11] . In the view of the degrading characteristics of PCL, Ponjavic et al. introduced Poly-ethylene oxide (PEO) as the central or lateral segments in the PCL chain and investigated the copolymer hydrolysis and biodegradation properties [12] . Combining PCL with polylactic acid (PLA), Lin et al. improved the bond strength with a single-layer, temperature-adjusting transition method [13] . In general, PCL does play an important role in tissue engineering, biomaterials, and chemistry, however, it still requires suitable manufacturing processes, such as electrospinning and extrusion additive manufacturing.
As an additive manufacturing technique, 3D printing, that converts a digital model into a physical object, has features prominently in fabricating functional materials and structures [14] . Selective laser melting (SLM), fused deposition modelling (FDM), and selective laser sintering (SLS) are three main technologies of 3D printing. With the process advantages of low cost, high speed, and convenience, FDM focuses on stacking a thermoplastic polymer, which is heated at the nozzle and extruded onto the previous layer or the platform, layer by layer. Typically, FDM can satisfy the requirements of various mechanical structures for diversi ed uses by combining different materials. For example, Kang et al. invented an integrated tissue-organ printer by using cell-laden hydrogels with biodegradable polymers (like PCL) to fabricate stable, humanscale tissue constructs of any shape [15] . Rao et al. investigated the potential of the close-looped recycling of PLA that used FDM [16] . Zhuang et al. used FDM in conjunction with PLA to prepare a series of plastic items that had anisotropic heat and resistance distributions [17] . Gri ths et al. made a design of experiments approach on the optimization of energy and waste during 3D printing, and proved positive results [18] . Furthermore, to improve the mechanical properties, some necessary parameters should be taken into consideration: layer thickness, width, orientation of laments, and gap [19] . Yuk and Zhao improved the resolution of the printed bers and printed thickened or curved patterns by optimizing the extruding speed, the moving speed of the nozzle, and the height of the nozzle above the platform [20] . However, inter-layer distortion, outer-layer warping, poor surface quality and weak mechanical properties still need to be solved [21, 22] . Overcoming the di culties of a limited number of thermoplastic materials is also a challenge that arises in FDM [19] .
Many kinds of polymers have been used in 3D printing because they are easy to obtain, which is also valid for using polymers in FDM. PLA and acrylonitrile-butadiene-styrene copolymers (ABS) are commonly used polymers, which are usually produced as laments in preparation for the next step. PCL's weak melt-strength means it cannot be extruded into laments. erefore, pure PCL always fails to meet the requirement of traditional FDM technology [3, 22] . Some biomaterials get bad in uences from the step of making into laments [23] . On the other hand, in comparison with laments, plastic pellets have the advantages of lower cost, easier production process, and more freedom of size customization. However, there is little information about miniature pellet 3D printers. Goyanes et al. used powder materials to make drug products by 3D printing [24] . And Whyman et al. introduced a device for extruding PLA pellet polymers into product. Design of structure and temperature controlling system are mentioned [25] . Herein, we rst developed a pellet 3D printer using pure PCL pellets for 3D printing. en some parameters, such as the extruding speed, moving speed of the nozzle, and nozzle height, are optimized to get a better experience of the printed bers through an orthogonal experiment using a L 9 (3 4 ) orthogonal design table. Moreover, the developed 3D printer can use more materials besides PCL, and its ability to print products more accurately and e ciently would become a reality with further advancements.
Experiment
2.1. Material. PCL (Capa 6400) was purchased from Perstorp Co., (Shanghai, China), with a molecular weight of 37,000, and melting temperature of 59℃. e material was supplied in granular form, approx. 3 mm pellets. Its melt ow rate (MFR) ranged from 27 to 71 g/10 min. Figure 1 (a) showed the ow chart of the working system. e printer is shown in Figure 1 (a) with three parts. e upper part consists of the stepper motor (model 42HB47PL020R-TK0) and the mounting bracket that is used to sustain the motor and connect the printer to the 3D mobile platform. e middle part is composed of the coupling, customized screw, pillars and pellet storage. e parameters of the customized screw are listed in Table 1 . Considering the essential need that di erent pellets can be extruded by the device, the nonstandard screw is taken into account. e lower part contains the extruding barrel, the small nozzle (Φ = 0.5 mm) and the heating block. Except for the extruding barrel, the heating block and small nozzle are made of brass, while the bracket, pillars, and pellet storage are all aluminum. e small nozzle and barrel use threaded connections, while the other parts use pins to make the connection that are invisible in Figure 1 (b).
Structure of Printer.

Process of Experiment.
Before extruding, PCL pellets were dried in a vacuum oven at 35℃ for 12 h. A er feeding the PCL pellets into the storage, the stepper motor drove the screw to send pellets into the heating zone at an appropriate speed, then the temperature was set at 65℃, which was a little higher than the melting temperature. As shown in Figure 2 , the pellets went through the pellet zone, glass transition zone, and melting zone, then the molten PCL was extruded as bers that were piled up layer by layer to form products like Figure 3 . e printing pattern depended on the G-code produced by a slicing so ware. And some input process parameters like line spacing (0.6 mm), and the lling rate (100%) had been set appropriately to make the results of the experiment clearer.
When the temperature is set to be lower than melting temperature, PCL is hard to be extruded during glass transition period. If higher, PCL would gather at the exit of nozzle. e optimal range of temperature is narrow and the hysteresis of it has to be considered. To make the products printing more successful, the heating temperature was set aside temporarily and a further research would focus on it. In other words, the speed of stepper motor , the moving speed of nozzle , and the height from the nozzle to the platform would be the major factors that in uenced the quality of the printed bers. e speed of stepper motor was determined by the subdivided number of its motor driver, which could provide more than three levels of speed. e moving speed of nozzle and the height from the nozzle to the platform depended on the 3D Platform Platform
Printing Done F 3: e main process of printing: a er feeding, PCL pellets were pre-heated and then printed layer by layer, as the product. and recorded. e experiment was conducted at the room temperature of 23℃, and all the rings were produced successively without a second feeding of pellets. Each ring was measured three times to ensure the reliability of the results. A er getting the optimal parameter combinations, several cuboids (10 mm × 10 mm) were printed to compare the quality of different parameter combinations. [28] . And Toyota et al. made a process optimization for the application for liposomalization of FK506 [29] . e design of the experiment needs a concise process, an accurate result and an easy way to repeat the experiment. But the three factors discussed above would act as multiple in uencing factors when carrying out practical experiments. e full factorial design and the fractional factorial design are two main approaches in multi-factor experiments. However it is hard to complete a full factorial design, especially when the sample of experiment is too big to save time or energy. As a fractional factorial experiment, orthogonal experimental design (OED) is widely used in multi-factor tests. Taking advantage of its orthogonality, some representative points are picked to represent the necessary sample of experiments among all the factorial experiments. Besides, OED provides a useful way to predict the full factorial experiments through analyses of the fractional experiments [30, 31] . Using OED has three main advantages: (1) evenly distributing the data points, (2) reducing the number of experiments, (3) easily analyzing the experimental results with the contribution of range analysis and analysis of variance (ANOVA). Herein the OED is applied to optimize the process parameters.
Design of Experimental
As mentioned above, the major in uencing factors that a ect the diameter of the printed bers in the extruding process are the speed of the stepper motor, the moving speed of nozzle, and the height from the nozzle to the platform. Considering mobile platform. And all these three parameters gives di erent in uence on the diameter of the printed bers. Because of the volume conservation, when the speed of stepper motor gets faster, the diameter gets bigger. And the faster the moving speed of nozzle is, the thinner the printed bers are. e height from nozzle to platform acts as a disturbance to the printed bers, and this disturbance's in uence is unsetting. And some work of Yuk had a similarity of this part [20] . For the use of three di erent motors in controlling these three parameters respectively, the interaction of them was negligible.
During the experiment, a square ring (50 mm × 50 mm) was printed, and the diameters of each edge were measured For convenience, = 1.2 was chosen as the swelling rate in this study. When the printed bers eventually attached to the platform, their idealized diameter would be times as large as the nozzle aperture. is parameter was chosen as a standard for the next calculation.
Analysis and Optimization of Printing Parameters 3.2.1. Range Analysis.
A er several experiments, the results were lled in Table 4 . And a further calculation was done based on the results in Table 4 to get the optimal parameter combination. Moreover, according to the part above, 0.6 mm would be the ideal diameter when the aperture of the nozzle was 0.5 mm. In the range analysis, 1 , 2 , and 3 represented the average diameter of the printed bers with the level number ( = 1, 2, 3) to distinguish the various factors, while R meant the range of values of 1 , 2 , and 3 and was used to access the importance of each factor. e magnitude of R determined the important degree of each factor -the larger the R value was, the more important the factor was. ese results have all been shown in Table 5 . Relying on the R values, the importance of factors with regard to the diameter followed this sequence: the speed of the stepper motor > the moving speed of the nozzle > the height from the nozzle to the platform. In Figure 5 , the relationship between the diameter of the printed bers and the three factors was shown in a more intuitive method. According to Figure 5 , in selecting the lowest value, the best combination should be 3 3 2 in order to obtain the minimum absolute value of di erence. In other words, the optimal process condition was: a stepper motor speed the actual situation, each in uencing factor consisted of three levels. Table 2 showed all of the three in uencing factors and their levels. As well, the diameter of the printed bers on the platform was selected to be the test index. And this experiment used a L 9 (3 4 ) table. Table 3 showed the header design of the orthogonal experiment. Table 4 showed all of the factors of every experiment, while the blank column was set to access the errors according to the orthogonal design theory.
Results and Discussion
3.1. Die Swelling Phenomenon. Due to the polymer materials' viscoelastic, a die swelling phenomenon that some materials would become slightly bigger than the aperture of the nozzle while extruding appears [32] . e physical properties and extrusion pressure mainly explain this phenomenon. As shown in Figure 4 , the rates of die swelling di ered from each other because of the di erent speeds of the stepper motor. Absolute value di erence (mm) F 5: Relationship between the diameter and the three factors with three di erent levels (a) speed of the stepper motor; (b) moving speed of the nozzle; (c) height from the nozzle to the platform. e statistic was the absolute value of di erence between the statistic in Table 5 and 0.6 mm, the ideal diameter of the ber. Advances in Polymer Technology 6 most signi cant in uence on the observed index. While and were bigger than 0.05, which indicated that changing the factors B and C had a negligible e ect on the observed index. In summary, ANOVA showed that the speed of the stepper motor had the most signi cant in uence on the diameter of the printed bers, the moving speed of the nozzle had only a small a ect, and the height from the nozzle to the platform did not substantially a ect the diameter.
3.3. Printing PCL Products. As discussed above, layer thickness, gap, outer-layer warping, and poor surface quality obviously in uenced the visual appearance of the printed products. For example, the deeper the layer thickness is, the greater the possibility of over ow will be. And the gap inevitably leads to the inner and outer defects. Very much bigger or very of 1.256 mm 3 s −1 , a nozzle moving speed of 9.6 mm s −1 and 1.1 mm height from the nozzle to the platform.
Analysis of Variance.
ANOVA was applied to access the signi cance of the factors [33, 34] . Table 6 showed the results of ANOVA by taking the diameter of the printed bers as the observed index. As shown in much smaller diameter, by adjusting the combination of three in uencing factors, could induce these defects. In Figures 6(a)-6(c), several cuboids with 2, 4, and 6 layers showed comparisons between the application of optimal parameters and the other parameters. Using the optimal parameters made products smoother and more regular. en, when the printer was used to produce other shapes of structures, such as circular and letters, the appropriate diameter and proper circle interpolation algorithm made it easier to produce the products in Figure 7 .
Conclusion
e novel 3D pellet printer developed in this study, made it convenient to use pellets in 3D printing compared to the traditional lament printer. e PCL pellets were directly extruded into di erent shapes by FDM technique. As for the process window, an orthogonal experiment was systematically conducted to select the optimal parameters of the speed of the stepper motor, the moving speed of the nozzle, and the height from the nozzle to the platform. Based on the results, the following conclusions can be drawn: (1) e 3D printer developed uses pellets as a raw material that have more potential rather than laments in FDM 3D printing. (2) Due to the viscoelasticity of PCL, a die swelling phenomenon appears during the extruding period. us three important parameters are involved to adjust the diameter of the printed bers. (3) According to the ANOVA, the speed of the stepper motor has the most signi cant e ect on the diameter of the printed bers ( = 49.25, while P belongs to 0.1-0.5), followed by the moving speed of the nozzle ( = 2.50, while > 0.5) and then the height from the nozzle to the platform ( = 1.25, while > 0.5). (4) Too much bigger or smaller of a diameter could cause defects like over ow, out-layer warping, gap, and poor surface quality. Eventually the optimal process condition was determined to be a stepper motor speed of 1.256 mm 3 s −1 , a nozzle moving speed of 9.6 mm s −1 , and 1.1 mm height from the nozzle to the platform. In this condition, the products produced in the shape of cuboids, circles and letters are better than those produced with nonoptimal parameters. As a further prospect, this device could be applied to di erent kinds of materials and has the potential to make products quicker and more accurately. Some disadvantages like feeding di culties and some problems about stability still exist. So for a next step plan, we will focus on improving the structure, the controlling of temperature and expanding the variety of materials like polypropylene (PP).
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